Introduction
Surge arrester is one of the main protective devices, that is used in electrical networks for protection from switching and lightning surges. Due to non-linear resistors based on zinc-oxide materials, the use of surge arresters led to a deeper surge suppression compared with the valve-type arresters based on silicon carbide. The peak value of voltage that appears between the terminals of a surge arrester during the passage of discharge current with given shape and amplitude is called the residual voltage and is one of the most important characteristics of the surge arrester. The residual voltage depends on both the amplitude and the wave shape of the discharge current pulse [1] . For a fixed amplitude of discharge current pulse, the steeper is the front of a current pulse that passes through the surge arrester, the greater is the residual voltage of surge arrester. These and other properties of the surge arresters become important when dealing with the insulation coordination and simulation of lightning protection of substations [2] . There are different mo dels of the surge arrester for circuit simulation software, both simple consisting of a single non-linear element and complex consisting of several linear and non-linear elements. Surge arrester model must recreate in the virtual experiment the behavior of the real device and therefore requires study the influence of the current pulses of various wave shape and amplitude.
the object of research and its technological audit
The object of the research is the dynamic model of the surge arrester implemented in the evaluation version of Micro-Cap 11 (developed by Spectrum Software Company) and proposed in paper [3] . The duration of lightning and switching surges lies in the microsecond range. In the simulation it is still not sufficiently studied ISSN 2226-3780 the influence of currents typical for both lightning and switching surges. It is possible to study the model of the surge arrester in the above range by comparing the results of computer simulation with the data given in the catalogs of surge arresters. Usually manufacturers publish several values of residual voltage at different current waveforms: at the switching current pulse with the wave shape 30/60 μs or 45/90 μs, at the lightning current pulse with the wave shape 8/20 μs, as well as at the steep current pulse with wave shape 1/(2…20) μs, which can be used in the study.
the aim and objectives of research
The main aim of the article is to determine the residual voltage of surge arrester model during the passage of discharge current with various shape and amplitude using Micro-Cap circuit simulator. This will allow to assess the error of the surge arrester model separately when it suppresses both switching and lightning overvoltages.
The following objectives were set to reach this aim: 1. Select the surge arrester model for research using Micro-Cap circuit simulation software.
2. Define residual voltage on the surge arrester during the passage of switching discharge currents with wave shape 45/90 μs, lightning discharge currents with wave shape 8/20 μs and steep current pulse with wave shape 1/20 μs using the Micro-Cap circuit simulator. 
research of existing solutions of the problem
Surge arrester model, capable to represent the dynamic behavior of its current-voltage characteristic did not exist until 1992, when such model was developed by working group of the IEEE (Institute of Electrical and Electronics Engineers) Surge protective devices committee and presented in paper [4] . After that three more surge arrester equivalent circuits [5] [6] [7] have been proposed, in 1999, 2001 and 2004 respectively. These circuits are in fact the different approaches to improve the surge arrester model proposed in [4] . These four schemes are used to this day, as they allow to simulate the current-voltage characteristic of the surge arrester in the whole range of currents that pass through the device during the suppression both the lightning and switching surges.
In comparison with the other models of surge arrester, the most widely used one is the model [5] , which consists of two non-linear resistors, which are connected with each other via two inductive and resistive element. The advantage of this model is that its parameters are determined only based on the data given in the catalogs of surge arrester manufacturing companies [5] and in contrast to the model [4] it does not require the iterative procedure.
The circuit simulation programs are constantly being improved, hence at the overvoltage studies using one or another program the researchers again return to existing surge arrester models and carry out their simulation. Paper [3] was the first to show how to implement the model of the surge arrester [5] in the evaluation version of the Micro-Cap circuit simulator. Papers [4, 8] used two different current pulses in the study of the surge arrester models; [9] -three; [6, 10, 11 ] -four; [5] -five; [12] eight. In this work, as it will be shown later, we studied the effect of ten different current pulses.
Methods of research
To achieve objectives that were set such research method was applied: circuit simulation on personal computer. The main materials in this research are the equivalent circuits for the determination of residual voltage on surge arresters terminals.
research results
This study is a continuation of the authors' work [3] on the simulation of the surge arrester using the Micro-Cap circuit simulator. The main research circuits are shown on Fig. 1 and represent two equivalent ways of surge arrester simulation using the evaluation version of the Micro-Cap circuit simulator [3] . 
where V n (kV) -surge arrester rated voltage; V r1/20 (kV) -maximum residual voltage at 10 kA steep current pulse with the wave shape 1/20 μs; V r8/20 (kV) -maximum residual voltage at 10 kA lightning current pulse with the wave shape 8/20 μs. Formula (1) and (2) give the value of inductances expressed in μH [5] .
Functional current source G 0 in Fig. 1 simulate discharge current pulse passing through the surge arrester. The formula (3) was used to express 45/90 μs current wave, (4) -to express 8/20 μs wave and (5) -to express 1/20 μs wave. 
where t 
where I m (A) -current amplitude.
To allow usage of pulses with negative polarity, or currents that have both positive and negative values (for example, such as (4)), non-linear elements in surge arrester model shown in Fig. 1 according to [3, 5] and in accordance with the Micro-Cap syntax [13] must be set, as shown in Table 1 , 2.
In Table 1 and 2 the variable «Vr820» is equal to the residual voltage V r8/20 (V) at the 10 kA current wave with the wave shape 8/20 μs taken from the manufacturer catalog of the surge arrester. It is convenient to specify the value of this variable by means of the «.DEFINE» statement directly on the circuit field in any free place [3, 13] .
The simulation results of typical surge arrester with a rated voltage of 108 kV under influence of various current pulses performed with the Micro-Cap circuit simulator are shown in Table 3 . Studying the properties of surge arresters of specific manufacturer or several manufacturers is not the aim of this article that is why in the Table 3 the mentioned above surge arrester is presented as the symbol «SA-108». According to the formula (1) and (2) for this surge arrester model: L 1 = 0.947 μH and L 2 = 2.842 μH. Fig. 1 Simulation relative error in Table 3 was determined using the following formula:
In formula (6) ′ V rT T -corresponding value taken from the catalog of surge arresters. Fig. 2 shows the typical curves of current and voltage received in simulation. The curves corresponding to the rows numbers 1-3 in Table 3 are similar to the curves in Fig. 2 , a and therefore are not presented here. In their turn, the curves corresponding to the rows numbers 5-7 and number 9 in Table 3 are similar to the curves in Fig. 2 , b and therefore are also not shown. Fig. 2 shows that the peak value of residual voltage on the surge arrester terminals always correspondes to the pulse front, as it must be in real applications of surge arrester. Splash in residual voltage growth on the graph (Fig. 2, c, d ) occurs due to the increase of reactance L 1 di/dt and L 2 di/dt in surge arrester model (Fig. 1) at steep front waves. 
swot-analysis of research results
Surge arrester model, implemented in the Micro-Cap circuit simulator, allows determine accurately the residual voltage on the surge arrester during the flow of discharge pulses with a rise time of a few microseconds, typical for lightning surges. This strength point enables reliable computing of the lightning overvoltage, which results in damage to the insulation and, thus, causes significant economic loss.
Under switching overvoltage surge arrester model error allows its application only for a rough estimate of the transient amplitude and its progress in time. This weak point can lead to an overestimation of the values of dangerous switching surges, and thus to the overestimation of the level of danger that occurs in the real applications.
The surge arrester model also allows opportunities for the calculation of transients during the flow of the lightning currents composed with several successive pulses, which can pose a significant danger to the surge arresters.
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Threatening point of proposed model: it should not be used for the calculation of the quasi-stationary overvoltage as the surge arresters are not intended to suppress this kind of overvoltage as a result of a lack in energy intensity of varistors.
Conclusions
1. One of the most widespread dynamic models of the surge arresters offered in [5] was selected for research in the Micro-Cap circuit simulator. Nonlinear elements of the model are referred to the peak value of the residual voltage measured during a passage of 10 kA lightning current pulse with the waveform shape 8/20 μs .
2. By means of Micro-Cap circuit simulator the residual voltage on the surge arrester terminals is defined during a passage of the standardized current pulses corresponded to currents at lightning and switching surges.
3. The values of the maximum residual voltage obtained in simulation were compared with corresponding values given by the surge arrester manufacturer. Comparison of results showed that, both at lightning current pulses and at steep front current pulse the lowest error take place when current amplitude is equal to reference value 10 kA. With decrease of lightning current amplitude from 10 kA to 1.5 kA the relative error increases, but does not exceed 4 %. At switching current pulses the lowest relative error take place when current pulse have the biggest amplitude 2.0 kA and does not exceed 8 %. With decrease in amplitude of a switching current pulse to 0.25 kА the relative error increases to approximately 10 %. The results of the research can be used to specify the parameters of substation protection against various overvoltages.
references иссЛеДоВАние моДеЛи неЛинейноГо оГрАничитеЛя ПеренАПряжений При ВоЗДейстВии рАЗЛичных имПуЛьсоВ тоКА
Приведены результаты исследования модели нелинейного ограничителя перенапряжений с помощью демонстрационной версии Micro-Cap. Определено остающееся напряжение при протекании сквозь нелинейный ограничитель перенапряжений как стандартных коммутационных и грозовых импульсов тока различной амплитуды, так и импульса тока с крутым фрон-том. Показано, что наименьшая погрешность имеет место при воздействии на модель грозовых импульсов тока.
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